phenotypic expression of type 1 fimbriae by agar-Wgrown cultures is observed only in those transformants bearing plasmids which show increased 13-galactosidase andfim4 mRNA levels.
Type 1 fimbriae are proteinaceous filaments produced by many members of the family Enterobacteriaceae. The expression of type 1 fimbriae can be detected by the agglutination, in vitro, of yeast cells or guinea pig erythrocytes, and this agglutination can be inhibited by the presence of mannose. Therefore, type 1 fimbriae may mediate adherence to mannose-containing glycoproteins on eukaryotic cells, thereby facilitating colonization (30) .
In Escherichia coli the phenotypic expression of type 1 fimbriae is encoded by a cluster of genes. A single gene, fimA, encodes the major fimbrial subunit, while fimF,fimG, and fimH encode minor fimbrial components (16, 19, 25) . Of these genes, fimH has been shown to encode the adhesin which confers mannose sensitivity of the type 1 fimbrial adherence (18) . Phenotypic expression of surface-associated fimbriae requires the production of ancillaryfim gene products most likely involved in assembly, transport, and regulation during the process of fimbrial biogenesis.
Many E. coli strains that produce type 1 fimbriae also demonstrate the ability to alternate between a fimbriate and a nonfimbriate phenotype, a phenomenon known as phase variation. This conversion is mediated, in part, by the inversion of a 314-bp DNA sequence located immediately upstream of fimA (1) . The orientation of this invertible fragment determines whether the fimA gene is transcribed (8) . The products of the fimB and fimE genes and a cellular protein, integration host factor, facilitate a site-specific inversion of the region bearing the JimA promoter (9, 15) .
However, recent evidence has indicated that the inversion mechanism is more complex than a simple on-and-off model, since FimB may mediate inversion in both directions while FimE acts primarily in one direction to turn off JimA transcription (23) .
As in E. coli, the Salmonella typhimurium fim genes have been cloned and the fimA gene has been sequenced (29) .
However, the identification of ancillary Jim genes affecting the expression of fimA has not been investigated, and therefore, it is unknown which genes are involved in the regulation of fimnA. Although fimbrial phase variation is known to occur in S. typhimurium (26, 27) , it is not known * Corresponding author.
whether S. typhimurium possesses determinants analogous to the E. coil fimB and fimE genes.
For this report, the expression offimA in S. typhimurium was examined by using recombinant plasmids and a XfimAlacZ lysogen as a reporter system. Deletion derivatives of the S. typhimuinum type 1 fimbrial gene cluster were used to identify regions of the fim gene cluster that alter ,B-galactosidase production by the lysogen. In addition, Northern (RNA) blots were used to confirm that the observed changes in 3-galactosidase activity correlated with the amounts of steady-state fimA mRNA present in S. typhimurium. The expression of the S. typhimurium fimA gene appears to be affected byfim genes exhibiting no relatedness to the E. coi fimB and fimE genes and located at sites different from the position of fimB and fimE in the E. coli system.
MATERIALS AND METHODS
Bacterial strains and media. E. coli JM109 (35) was used for the isolation and characterization of the plasmid JimAlacZ fusion molecules. S. typhimurium LB5010 (2) was obtained from the Sabnonella Genetic Stock Center and was used as the host to prepare the Salmonella XJimA-lacZ lysogen. E. coil HB101 (5), E. coli ORN103 (21) , and S. typhimurinum LB5010 were used as host strains for the preparation of bacterial lysates.
All bacteria were grown in Luria-Bertani media containing the appropriate antibiotics. The XJimA-lacZ lysogen was incubated at 30°C; all other incubations were performed at 37°C. Detection of surface-associated ype 1 flmbriae. Bacteria were grown overnight on L agar supplemented with the appropriate antibiotics. Harvested cells were resuspended in phosphate-buffered saline (PBS) to approximately 108 bacteria per ml, and 50 j.l of a 3% (vol/vol) suspension of Candida albicans was incubated with equal volumes of bacterial suspension (17) . Visible (4, 29) . Initiation of transcription of the fimA gene was determined by the procedure of Weaver and Weissmann (34) and is located 195 nucleotides upstream of the fimA initiation codon within a 255-bp DNA fragment flanked by 10-bp inverted repeats (29) . The nucleotide sequence of the fimA gene has been determined (29) , and this information was used to isolate a 500-bp RsaI DNA fragment carrying the fimA promoter and the first 33 codons of the fimA gene. This DNA fragment was ligated into the unique SmaI site of pMC1403, and E. coli transformants were selected on agar containing 100 ,ug of ampicillin per ml and 50 ,g of X-Gal (5-bromo-4-chloro-3-indolyl-p-Dgalactopyranoside) per ml. Transformants possessing a recombinant molecule comprising an in-frame fusion between thefimA and lacZ genes were used to prepare plasmid DNA, and the fidelity of the fusion was determined by DNA sequencing through the fusion junction.
The fimA-lacZ fusion plasmid, Analysis of the fimA mRNA produced by transformants. RNA was isolated from S. typhimurium LB5010 transformed with derivatives of pISF101. Specific fimA mRNA was detected in these transformants by using a DNA probe comprising nucleotides derived solely from the fimA gene (12) . As shown in Fig. 2 , the steady-state mRNA level of fimA was increased in pISF161 transformants compared with that in S. typhimurium LB5010 possessing pISF160.
Since pISF121, a plasmid resulting in increased P-galactosidase production by the XfimA-lacZ lysogen, possesses an intact copy of fimA, an analysis of only chromosomal fimA expression, by observation of fimA mRNA, was not possible. Consequently, for pISF121 transformants, RNA was isolated from the XfimA-lacZ lysogen and a DNA probe derived from the lacZ gene was used to detect fimzA-lacZ mRNA. In this way it was possible to demonstrate that the increased P-galactosidase activity of this transformant was due to increased fimA-lacZ gene expression, since lacZ mRNA could be detected only in this transformant.
All promoter. All lysates derived from Salmonella or E. coli ORN103 transformants resulted in electrophoretic retardation of a DNA fragment possessing the fimA promoter (Fig.  3 ). However, with E. coli HB101 lysates, only those preparations derived from E. coli transformed with pISF101 or pISF121 resulted in any change in mobility of the DNA fragment possessing the fimA promoter (Fig. 3) . All other lysates, including that of the E. coli HB101 transformant 
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shown to be mediated by at least two genes, fimB and fimE, 7702 SWENSON AND CLEGG which are located immediately upstream offimA (9, 15) . The products of these genes regulate transcription of fimA by mediating a phase inversion of the fimA promoter. FimB mediates inversion from an on to an off position as well as off to on, while FimE preferentially orients the promoter to the off position (23) . The inversion of the DNA fragment possessing the fimA promoter also appears to be dependent upon at least one host protein, integration host factor (7) .
No Salmonella strain that is genotypically nonfimbriate is currently available, as we have recently demonstrated that the nonfimbriate S. typhimunium FIRN and non-FIRN strains do possess fim sequences (33) . Consequently, to investigate the regulation of S. typhimurium fimA expression, a XfimA-lacZ lysogen was constructed in S. typhimurium LB5010, a genotypically defined strain which does produce type 1 fimbriae. In this system the fimA-lacZ fusion is a reporter gene offimA expression in an appropriate host. Thus, all gene products examined in this study that regulate fimA expression, as determined by quantitation of 3-galactosidase activity, exert such an effect by acting in trans. Relatively low levels of ,3-galactosidase activity are detected in the lysogen following growth on agar or for short periods of time in broth. This is consistent with the lack of fimbrial expression by this strain when grown under these conditions. The XfimA-lacZ DNA does integrate into the chromosome of S. typhimurium LB5010, since analysis of pAMH70 from the lysogen indicates no increase in the size of the plasmid DNA. In addition, the Salmonella lysogen does retain the ability to produce type 1 fimbriae (see below), and therefore, it is unlikely that integration at the site of the parental fimA has occurred.
The results obtained with the Salmonella AfimA-lacZ lysogen demonstrate that two regions play a role in fimA expression. One region is a deletion of nucleotides, encoding a 28-kDa polypeptide, downstream of fimA (Fig. 1) . The absence of this gene product increases 3-galactosidase activity almost 40-fold. Therefore, the absence of this 28-kDa polypeptide allows expression offimA to be increased. Such a Fim polypeptide could be a negative regulator of fimA expression. A similar result was observed with the E. coli lysogen.
A second region of the fim gene cluster that alters n-galactosidase activity in the Salmonella lysogen possesses only two ancillary fim genes whose gene products are 24-and 27-kDa polypeptides, and these determinants are located at the opposite end of the gene cluster from fimA (Fig. 1) . A plasmid possessing these two genes increases P-galactosidase activity approximately 25-fold compared with the activity of either the lysogen alone or the lysogen transformed with other plasmids (Table 1) . A possible explanation for the increase in 3-galactosidase activity is that one of the gene products encoded by pISF161 acts directly upon fimA to increase expression. Analysis of the probable amino acid sequence of this region indicated that the 24-kDa Fim polypeptide exhibits an amino acid sequence similar to that found in many transcriptional activators (6) . However, a mutation in this gene does not significantly alter 3-galactosidase activity, thereby suggesting that this gene product may exert its effect upon a fimbrial gene other than fimA. Interestingly, a mutation in the 27-kDa polypeptide decreases ,-galactosidase activity to the level of the lysogen alone. This gene product may exert its effect directly upon fimA or may indirectly result in increasedfimA expression, although, as discussed below, a direct effect upon fimA cannot be established.
Since the 27-kDa polypeptide appears to affect fimA expression in S. typhimurium, we decided to determine whether the plasmid (pISF161) encoding this protein could, in the absence of other fim genes and Salmonella host factors, directly increase fimA expression. To answer this question we attempted to construct a fimA-lacZ lysogen in the genotypically nonfimbriate strain E. coli ORN103. However, these lysogens were found to be unstable, and under the conditions of growth used in these studies, nonlysogenic variants arose at a relatively high frequency. Therefore, it was not possible to construct and maintain a stable lysogen in a nonfimbriate strain. The reasons for this instability are unclear but may reflect the absence of fim genes in E. coli ORN103. The fimbriate strain E. coli JM109 was a suitable host for the XfimA-lacZ fusion. Also, the host E. coli fim genes in this strain did not appear to affect enzyme expression by the XfimA-lacZ fusion, since strongly fimbriate cultures did not produce detectable levels of 0-galactosidase.
Interestingly, E. coli transformants possessing pISF161 also did not produce high levels of 3-galactosidase, unlike S.
typhinunm transformants. However, the addition of a second plasmid did increase expression of the fimA-lacZ fusion by a factor greater than 100. Consequently, the effect of the 27-kDa polypeptide uponfimA expression is not likely to be due to the direct action of this gene product upon fimA. In addition, the simple presence of pISF161, as a multicopy plasmid, in the Salmonella lysogen is not likely to explain the increase in ,-galactosidase production, since a similar effect is not observed in E. coli To confirm that the increase offimA expression, observed in both pISF121 and pISF161 transformants, was at the level of transcription, steady-state levels offimA mRNA or fusion product mRNA were determined. As noted above, S. typhimurium LB5010 possesses functional type 1 fimbrial gene sequences. Therefore, in transformants possessing no fimA sequences on the transforming plasmid, it was possible to use afimA gene probe to detect transcription of the wild-type fimA gene. For those transformants possessing fimA as part of a plasmid, a DNA probe comprising only lacZ nucleotides was used to detectfimA-lacZ mRNA in the lysogen. Thus, in both cases only the transcription of the chromosomally borne allele under control of afimA promoter was detected.
No detectable fimA mRNA was observed in the untransformed S. typhimurium LB5010 following overnight growth in broth. This is consistent with the lack of yeast cell agglutinating activity and low expression of ,B-galactosidase activity. S. typhimurium transformed with pISF121 or pISF161 demonstrated an increase in steady-state fimA mRNA production. Transformants possessing pISF160 or pISF162 showed no increase infimA mRNA expression, and thus fimA transcription in these bacteria was very similar to that of the plasmidless strain. Consequently, fimA promoter activity in pISF161 and pISF121 transformants correlated with measured ,B-galactosidase activity and surface fimbrial expression. However, we cannot rule out the possibility that pISF121 and pISF161 increase the stability of fimA mRNA rather than increase fimA transcription.
The results indicate altered fimA expression due to two discrete regions of the gene cluster. To determine whether this activation of fimA was achieved by binding of Fim polypeptides to the promoter of fimA, gel shift mobility assays were performed. However, it was not possible to demonstrate that increased fimA expression of pISF121 or pISF161 transformants was due to the production of DNAbinding proteins by the fim sequences of these plasmids. In fact, the results with S. typhimurium or E. coli ORN103 transformants suggest that a nonfimbrial polypeptide may (7, 9) . Further assays must be performed, using S. typhimurium mutants with known deficiencies in DNA-binding proteins, to determine the nature of any polypeptide interaction with the fimA promoter. In E. coli the host protein integration host factor has been shown to be required for efficient fimbrial phase variation and therefore is required for fimA regulation. It is unknown whether integration host factor is involved in the regulation of fimA in S. typhimurium.
The ,B-galactosidase expression by S. typhimurium possessing pISF161 or pISF160 is interesting, since the former plasmid is a derivative of the latter (Fig. 1) (20) . Therefore, it is possible that this determinant is involved in integrating adhesin and fimbrial subunit assembly in S. typhimurium. Experiments are currently under way to characterize the S. typhimurium fimbrial adhesin gene and to determine whether its expression is coupled to that of fimA.
